The long-term effects of chronic hypothyroidism on ovarian follicular development in adulthood are not well known. Using a rat model of chronic diet-induced hypothyroidism initiated in the fetal period, we investigated the effects of prolonged reduced plasma thyroid hormone concentrations on the ovarian follicular reserve and ovulation rate in prepubertal (12-day-old) and adult (64-day-old and 120-day-old) rats. Besides, antioxidant gene expression, mitochondrial density and the occurrence of oxidative stress were analyzed. Our results show that continuous hypothyroidism results in lower preantral and antral follicle numbers in adulthood, accompanied by a higher percentage of atretic follicles, when compared to euthyroid age-matched controls. Not surprisingly, ovulation rate was lower in the hypothyroid rats. At the age of 120 days, the mRNA and protein content of superoxide dismutase 1 (SOD1) were significantly increased while catalase (CAT) mRNA and protein content was significantly decreased, suggesting a disturbed antioxidant defense capacity of ovarian cells in the hypothyroid animals. This was supported by a significant reduction in the expression of peroxiredoxin 3 (Prdx3), thioredoxin reductase 1 (Txnrd1), and uncoupling protein 2 (Ucp2) and a downward trend in glutathione peroxidase 3 (Gpx3) and glutathione S-transferase mu 2 (Gstm2) expression. These changes in gene expression were likely responsible for the increased immunostaining of the oxidative stress marker 4-hydroxynonenal. Together these results suggest that chronic hypothyroidism initiated in the fetal/neonatal period results in a decreased ovulation rate associated with a disturbance of the antioxidant defense system in the ovary. follicular development, gene expression, hypothyroidism, ovary, oxidative damage
INTRODUCTION
Thyroid hormone (TH) is known to be a key factor in the regulation of many biological processes including growth, differentiation, metabolism, embryo development, and female reproduction [1, 2] . Altered TH concentrations are associated with disturbed folliculogenesis, lower fertilization rate, and reduced embryo quality [3] , and in severe cases even lead to complete ovarian failure [4] [5] [6] .
Proper ovarian follicular development is dependent on the subtle balance between pituitary gonadotropic hormones and locally as well as peripherally produced factors, such as transforming growth factor beta [7, 8] , Insulin-like growth factor 1 [9] , leptin [10] , and adiponectin [11] . The active TH-3,3 0 ,5-triiodothyronine (T 3 )-acts as such a peripheral factor by amplifying the action of the gonadotropic hormone folliclestimulating hormone (FSH) on follicle growth [12] . FSH and T 3 exert their effect on follicular development via stimulation of granulosa cell proliferation and inhibition of apoptosis through activation of the PI3K/Akt pathway [13] .
Despite the relatively high incidence of hyperthyroidism in women, with a general prevalence of about 1%, only a few studies have addressed the effects of excessive TH concentrations on neonatal development of the female reproductive tract [14] . For instance, Soliman and Reineke [15] have shown that mild thyroidal stimulation in young female mice results in advancement of the age of vaginal opening and the onset of estrous cycles when compared to euthyroid controls. The ovaries of these hyperthyroid mice contain multiple growing follicles and corpora lutea (CL).
The effects of TH deficiency on ovarian follicular development are commonly studied in animal models using propyl-2-thiouracyl (PTU) as a goitrogen. However, various adverse effects are associated with prolonged PTU treatment, including agranulocytosis and hepatotoxicity [16] . Administration of PTU during pregnancy usually results in premature abortion. Consequently, treatment is generally initiated around the time of delivery and stopped before the offspring reaches puberty [17, 18] . These studies show that neonatal hypothyroidism in rats results in a delay or even complete inhibition in vaginal opening and sexual maturation with smaller ovaries, less antral follicles, and more atretic follicles [17] . The application of a dietary-induced (combination of sodium perchlorate and an iodide-poor diet) hypothyroidism rat model [19] , allows us now to study the long-term effects of chronic hypothyroidism initiated in the fetal/neonatal period on ovarian follicular development.
Reactive oxygen species (ROS) are formed continuously in cells as a result of both biochemical reactions and external factors. It is increasingly realized that ROS at physiological amounts have an important signaling function [20] . Indeed, the regulated generation of ROS is necessary for the primary oocyte to resume the first meiotic division, showing ROS to be an important mediator of the ovulatory sequence [21] . Downregulation of ROS is necessary for progression through the second meiotic division [22] , showing the need for a balance between ROS production and cellular ROS defense. A disturbance in the balance between the production of ROS, with mitochondria as an important source, and the antioxidant defense capacity of cells can lead to oxidative stress and concomitant pathology [23] . As in other tissues, cellular antioxidant defense in the ovary consists of an array of cytoplasmic and mitochondrial enzymes, including superoxide dismutases (SODs), catalase (CAT), glutaredoxins (GLRXs), peroxiredoxins (PRDXs), thioredoxins (TXNs), and glutathione S-transferases Mu (GSTMs) [24] [25] [26] [27] [28] . Several studies have shown that reduced TH concentrations can influence antioxidant defense. The observed effects are, however, highly variable. For example, chronic hypothyroidism in adult rats causes a decrease in renal lipid peroxidation and SOD2 and CAT mRNA and protein concentrations while GPX1 is significantly increased [29] . SODs activity in the brain is decreased due to persistent hypothyroidism, while under the same conditions in the testis, SODs and CAT activity are increased and GPXs activity decreased [30] .
How chronic hypothyroidism affects the expression of genes related to ovarian redox balance is at present not known. Using our rat model of chronic hypothyroidism [19] , we here investigate the effects of prolonged exposure to reduced plasma TH concentration on ovarian follicular reserve and ovulation rate and relate these observations to mitochondrial and antioxidant gene expression and occurrence of oxidative stress in prepubertal and adult rats.
MATERIALS AND METHODS

Chemicals and Antibodies
All chemicals were purchased from Sigma (Zwijndrecht, The Netherlands) unless indicated otherwise. Antibodies against 4-hydroxynonenal (4-HNE) (lot no. GR126142-8, ab48506), CAT (lot no GR21101-7, ab1877), SOD1 (lot no GR196707-7, ab16831), SOD2 (lot no GR67500-4, ab13533), cytochrome c oxidase subunit IV (COX IV) (lot no GR85489-1, ab16056), and b-actin (ACTB) (ab6276) were purchased from Abcam (Cambridge, U.K.).
Animals and Treatment
Wistar WU (HsdCpbWU) rats were obtained from Harlan (Horst, The Netherlands) at the age of 8 wk (females) or 10 wk (males) and kept under controlled conditions (room temperature 20.58C-21.58C; humidity 55%-65%; light regimen 60-80 lux, lights on from 03:00 to 17:00 local daylight saving time). The female rats were housed individually after arrival and provided with cage enrichment in the form of a 10 cm sisal rope. Two weeks after arrival, the female rats of the experimental group were put on an iodide-poor diet based on AIN 1993 requirements (Research Diet Services, Wijk bij Duurstede, The Netherlands) [31, 32] , supplemented with 0.75% sodium perchlorate in the drinking water to deplete endogenous iodide stores [19] . The control group received the same iodide-poor diet supplemented with 7 lg iodide per 100 g dry weight of the diet to fulfill the normal iodide requirements of rats, and were provided with normal drinking water. At the age of 12 wk, the female rats were mated. Pups were weaned on Postnatal Day 28. The female offspring were group-housed (3 to 4 animals per cage) up to the age of 73 days postpartum (pp), after which the remaining animals were housed pairwise.
The experimental hypothyroid diet was continued until euthanization of the female offspring. Groups of 7-20 females were euthanized at the age of 12, 16, 21, 28, 35, 42, 50, 64 , 100, and 120 days. From the age of 42 days onward, all female rats were euthanized between 11:00 and 14:00 h at the proestrous stage of the estrous cycle. The proestrous stage of the cycle was determined by daily analysis of vaginal smears for a period of at least 10 days before euthanization (except for the 42-day pp group where we started to take vaginal smears the day after vaginal opening). Analysis of the vaginal smears further showed that the length of the estrous cycle in these female rats was 5 days; there was no difference in estrous cycle length between the hypothyroid rats and euthyroid controls. Rats were anesthetized using carbon dioxide and oxygen (flow ¼ 1:2). Blood was collected by heart puncture and transferred to heparin-coated tubes. Rats were killed by decapitation, organs were dissected, snap-frozen, and stored at À808C, or fixed in either Bouin fluid or 4% phosphate buffered paraformaldehyde and stored in 70% ethanol or phosphate buffer. Plasma was stored at À208C until further analysis. All animal experiments were approved by the Animal Welfare Committee of Wageningen University and conducted in accordance with the Society for the Study of Reproduction guidelines.
Histological Evaluation of Ovarian Tissues
The right ovaries of 4 to 5 animals aged 12, 64, or 120 days were fixed in Bouin fluid for 24 h, embedded in paraffin, and serial sectioned at a thickness of 5 lm per section. Every fifth section of each ovary was mounted on glass slides, stained with periodic acid Schiff reagent and Mayer hematoxylin (Klinipath, Duiven, The Netherlands), and examined by light microscopy. From these sections, the numbers of healthy primordial, primary, preantral, and antral follicles were counted as described previously [33, 34] . In order to estimate the total number of follicles within one ovary, the number of primordial, primary, preantral, and antral follicles counted in the mounted sections was multiplied by five to account for the fact that every fifth section was used in the follicle-counting procedure [33] .
Atretic preantral follicles were recognized by the presence of a degenerating oocyte and disorganized granulosa cell layer with the presence of some apoptotic nuclei, while the surrounding theca cells showed signs of hypertrophy. Antral follicles were considered to be atretic when more than 5% of the granulosa cells showed signs of apoptosis. The theca layer of these atretic antral follicles showed signs of hypertrophy. As atresia proceeded, the granulosa cells were lost completely and the oocyte degenerated, leaving remnants of the zona pellucida and hypertrophied theca cells. In order to prevent double counting of atretic follicles, we counted in three sections of each ovary (at a quarter, half, and three-quarters of the ovary) all preantral and antral healthy and atretic follicles, independently of the presence of an oocyte, as described previously [17, 33] . Because the counted numbers reflect only part of the total follicle population in an ovary, the mean number of atretic follicles was expressed as percentage of the number of nonatretic plus atretic follicles. Primordial and primary follicles were excluded from this counting procedure.
In order to determine the number of CL per ovary, pictures were taken of every 10th section of each ovary under a light microscope at a 53 magnification (Zeiss Axioscope II, equipped with an MRc5 digital camera; Zeiss GmbH, Jena, Germany). The pictures were stacked using Adobe Photoshop CS6; CL were followed through the whole ovary and counted.
Immunohistochemistry
For immunohistochemical purposes, ovaries were fixed in 4% phosphate buffered paraformaldehyde at 48C for 24-48 h. After fixation, the ovaries were washed in phosphate buffer and embedded in paraffin. Paraffin sections (5 lm thick) were cut and mounted on Superfrost plus slides (Menzel, Braunschweig, Germany). To determine the presence of 4-HNE, immunohistochemistry was performed according to Hoevenaars et al. [35] with modifications. Staining of sections of at least three different animals was carried out simultaneously in a single session at room temperature unless stated otherwise. Briefly, sections were deparaffinized and rehydrated, after which epitope antigen retrieval with sodium citrate buffer (pH 6, 10 min) in a microwave oven was performed at 968C. Slides were cooled down to room temperature and subsequently rinsed with 0.01 M phosphate buffered saline, pH 7.4 (PBS). Sections were preincubated with 10% (wt/v) normal goat serum in PBS for 30 min and incubated overnight with the primary 4-HNE antibody that was diluted 1:800 in PBS to which 0.05% BSAc (Aurion, Wageningen, The Netherlands) was added. The secondary goat anti-mouse biotin labeled antibody (Vector Laboratories, Burlingame, CA) was diluted 1:400 (v/v) in PBS-BSAc. The avidin-biotin complex was diluted 1:1500 (v/v) in PBS-BSAc. Bound antibody was visualized using the 3,3 0 -diaminobenzidine kit (Immpact DAB; Vector Laboratories) diluted 1:400 (v/v). Sections were counterstained with Mayer hematoxylin. Control sections were incubated with isotype immunoglobulin G (Vector Laboratories) instead of the primary antibody according to the manufacturer's instructions. No background staining was observed in the controls.
Total Body Fat Measurement
The body fat content of the offspring was determined by crude total body fat analysis. Briefly, the carcasses of the rats were weighed, put in a beaker to which 150 ml water was added and autoclaved at 1308C for 10 h. The samples were cooled down to room temperature, weighed, homogenized twice, and subsequently freeze-dried for 72 h. Fat analysis was performed using the etherextraction procedure as described previously [36] .
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Western Blot Analysis
Western blot analysis was performed as described by Kus et al. [37] with minor modifications. Briefly, ovaries were homogenized in lyses buffer with protease inhibitors (complete Mini-EDTA-free, 04693159001; Roche, Mannheim, Germany) and phosphatase inhibitor mix I (39050; Serva, Heidelberg, Germany). Subsequently, the sample was sonicated using the Sonifier Cell Disruptor (Model SLPe; Branson, Eemnes, The Netherlands) and centrifuged for 10 min at 14 000 rpm at 48C. Protein concentrations were determined using the RC DC Protein Assay Kit II (Bio-Rad, Veenendaal, The Netherlands). SDS-PAGE gels were run using the Mini-Protean Tetra cell system (Bio-Rad). Proteins from the SDS-PAGE gels were transferred onto a 0.20 lm polyvinylidene fluoride membrane (Millipore, Amsterdam, The Netherlands). The blot was incubated overnight at 48C with the primary antibodies (CAT, diluted 1:10 000; SOD1, 1:2500; SOD2, 1:5000; COX IV, 1:5000; ACTB, 1:5000), rinsed with 0.1 M Tris þ 0.1 M NaCl in combination with 0.1% Tween followed by incubation for 1 h with IRDye680-conjugated donkey antimouse (LI-COR Biosciences, Leusden, The Netherlands) or IRDye800-conjugated donkey anti-rabbit (LI-COR Biosciences) antibodies diluted 1:5000. Images of the membranes were obtained using the Odyssey infrared imaging system (LI-COR Biosciences). Quantification of the blots was performed using Image Studio (LI-COR Biosciences) software.
Radioimmunoassays
Total thyroxine (T 4 ) (DSL-3200; DSL, Webster, TX), total T 3 (DSL-3100), free T 3 (DSL-41100), and leptin (RL-83K; LINCO Research, St. Charles, MO) contents were assayed according to the protocols of the respective manufacturers. Luteinizing hormone (LH), FSH, and thyroid-stimulating hormone (TSH) contents were determined by validated in-house doubleantibody radioimmunoassays (RIAs) for rat serum analysis [38] [39] [40] , using materials supplied by the National Institute of Diabetes, Digestive and Kidney Diseases (Bethesda, MD). For all in-house RIAs, SACcel (donkey anti-rabbit; Wellcome Diagnostics, Dartford, U.K.) was used as secondary antibody. Hormone levels were expressed in terms of National Institute of Diabetes, Digestive and Kidney Diseases standards. The detection limits of the assays were: 5 ng/ml for total T 4 , 0.25 ng/ml for total T 3 , 0.6 pg/ml for free T 3 , 0.5 ng/ ml for leptin, 0.03 ng/ml for LH, 0.1 ng/ml for TSH, and 0.4 ng/ml for FSH. The intra-and interassay variation was determined using several pools of rat serum and was less than 11% for all purchased RIAs and less than 9.5% for all in-house RIAs.
RNA Isolation and Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction
For RNA isolation, ovarian tissues were homogenized in liquid nitrogen, and total RNA was isolated using RNeasy columns according to the protocol of the manufacturer (Qiagen, Venlo, The Netherlands). RNA concentration and purity were measured using the Nanodrop spectrophotometer (IsoGen Life Science, Maarsen, The Netherlands); all RNA samples were of high purity. RNA quality was additionally checked on the Experion automated electrophoresis system (Bio-Rad).
For quantitative real-time RT-PCR (qRT-PCR) analysis, 1 lg RNA of all individual samples was used for cDNA synthesis using the iScript cDNA synthesis kit (Bio-Rad). Quantitative RT-PCR reactions were performed with iQ SYBR Green Supermix (Bio-Rad) using the MyIQ single-color real-time PCR detection system (Bio-Rad). Individual samples were measured in duplicate. A standard curve using serial dilutions of pooled sample (cDNA from all samples), a negative control without cDNA template, and a negative control without reverse transcriptase (RT) were included in every assay. Only standard curves with efficiency between 90% and 110% and a correlation coefficient above 0.99 were accepted. Data were normalized against reference genes ribosomal protein S18 (Rps18) and glyceraldehyde 3-phosphate dehydrogenase (Gapdh), which were chosen based on stable gene expression levels (geNorm; Ghent University Hospital, Ghent, Belgium). Primers were designed using the National Center for Biotechnology Information Primer-Blast (http://www.ncbi.nlm.nih.gov/). Sequences of the primers used and PCR annealing temperatures for each gene are summarized in Table 1 .
Statistical Analysis
Data are expressed as mean 6 standard error of the mean (SEM). GraphPad Prism version 5.03 (Graphpad Software, San Diego, CA) was used for statistical analysis. Data were tested for normality using the Shapiro-Wilk test. If normality could be assumed, groups were compared using the Student t-test for equality of means (corrected for equal variances); if normality could not be assumed, the Mann-Whitney U test was used. P-values , 0.05 were considered significantly different.
RESULTS
TSH, T 3 , and T 4 Hormone Concentrations
To assess the thyroid status of the hypothyroid rats, plasma TSH, total T 4 and T 3 , and free T 3 concentrations were determined. Plasma TSH concentration was significantly increased in the hypothyroid group from Day 12 to Day 120 pp compared with the age-matched controls (Fig. 1A) . Concomitantly, plasma T 4 concentration was significantly lower in the hypothyroid rats (Fig. 1B) , while total plasma T 3 concentration was reduced by 30%-50% in these animals from Day 16 pp onward (Fig. 1C) . Plasma free T 3 concentration was reduced by 30%-90% in the hypothyroid rats, depending on the age of the animals (Fig. 1D) . 
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Gpx1
Glutathione peroxidase 1
CCGGGACTACACCGAAATGA TGCCATTCTCCTGATGTCCG
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Gpx3
Glutathione peroxidase 3
CCATTCGGCCTGGTCATTCT GGAGGGCAGGAGTTCTTCAG
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Gstm1
Glutathione S-transferase mu 1
GTTTGCAGGGGACAAGGTCA TACTCCATTGGGCCAACTTCG
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Gstm2
Glutathione S-transferase mu 2 TACTCCGAATTCCTGGGCAAG CTTCAGGCCCTCAAACCGAG
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Ppargc1a
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha 
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* Genes denoted with an asterisk were used as reference genes for normalization.
CHRONIC HYPOTHYROIDISM AFFECTS FEMALE REPRODUCTION
Body and Organ Weights
The offspring were fed the control diet or the hypothyroid diet after weaning for up to 120 days pp. Body weight of hypothyroid animals was significantly reduced from Day 12 to Day 120 after birth, compared with the age-matched control rats ( Fig. 2A) . Wet ovarian weights were significantly decreased in the hypothyroid animals from Day 21 pp onward (Fig. 2B) .
Dietary-induced hypothyroidism did not seem to affect the liver in the way PTU administration does because no difference in liver weight/body weight ratios were observed between euthyroid control animals and hypothyroid animals at the age of 120 days pp. Histological analysis of the liver tissues also did not show any abnormalities in the livers of the hypothyroid animals compared to the euthyroid controls (data not shown).
Puberty Onset
To assess the effect of hypothyroidism on the onset of puberty, the age of vaginal opening as a marker of puberty onset was checked. The age of vaginal opening ranged from 31 to 40 days (33.32 6 0.71, n ¼ 14) and from 33 to 39 days (34.23 6 0.40, n ¼ 13) in control and hypothyroid female rats, respectively.
Because leptin plays an important role in the onset of puberty in females and plasma leptin concentrations are directly related to body fat mass [41] , total body fat content and plasma leptin concentration were determined. Despite the significantly lower body weights of the hypothyroid animals, the percentage of body fat mass was significantly higher in these animals at the ages of 21, 28, and 42 days (Fig. 3A) . At the other ages analyzed, a trend was visible when compared to the age-matched controls (Fig.  3A) . Total body fat mass per animal was not different between the hypothyroid females and controls up to the onset of puberty despite the lower body weight of the hypothyroid rats ( Figs. 2A  and 3B ). In line with this observation, plasma leptin concentrations were significantly higher in the hypothyroid animals at the age of 21 and 28 days, the day of weaning, while a trend was observed at most other ages (Fig. 3C) .
Plasma FSH and LH Concentrations
No difference could be detected in plasma FSH (Fig. 4A) and LH (Fig. 4B) concentrations between the hypothyroid rats 
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and the age-matched control animals except at the age of 64 days when LH concentration in the hypothyroid group were significantly higher, while FSH concentration showed a similar trend. This implicates that in contrast to the other animals, most of the rats in this age group were presumably killed around the time of the proestrous LH surge.
Follicular Development
To obtain more insight in the role of TH in ovarian follicle development, the total number of follicles per ovary was determined in 12-(prepubertal), 64-(adult), and 120-day-old (adult) hypothyroid rats and compared to age-matched controls. In 12-day-old hypothyroid rats, the number of primordial follicles was not different from the age-matched control animals (Supplemental Fig. S1 ; Supplemental Data are available online at www.biolreprod.org), suggesting that the presence of a hypothyroid condition during pregnancy did not affect the formation of the resting pool of primordial follicles in its offspring. Neither did chronic hypothyroidism affect the recruitment of primordial follicles into the growing pool because at the age of 120 days there continued to be no difference in the number of primordial follicles between hypothyroid and control animals (Supplemental Fig. S1 ).
No difference was detected in ovarian preantral and antral follicle numbers between hypothyroid and control rats at the age of 12 days old (Fig. 5, A and D) . In contrast, after puberty at the ages of 64 and 120 days old, the number of preantral and antral follicles was significantly lower in the hypothyroid ovaries when compared to the respective euthyroid control groups (Fig. 5, B, C, E, and F) . Concomitantly, the percentage of atretic follicles was significantly higher in the hypothyroid ovaries compared to the age-matched controls (Fig. 5, G and H). In line with these observations, it seemed likely that the number of ovulating follicles was reduced in the hypothyroid postpubertal animals as depicted by a significant reduction in the number of CL per ovary (Fig. 5, I and J). This assumption is further supported by the fact that we did not find indications that estrous cycle length was influenced by the hypothyroid condition. The reduced number of (pre)antral follicles and CL in the hypothyroid females was likely responsible for the reduced ovarian weight observed in Figure 2 .
Hypothyroid-Related Alterations in Antioxidant Gene Expression and Protein Content
Quantitative real-time RT-PCR was used to measure ovarian mRNA content of antioxidant genes Cat, Glrx1, Gpx1, Gpx3, Gstm1, Gstm2, Prdx3, Sod1, Sod2, Sod3, Txn2, Txnrd1, and 
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Txnrd2 and uncoupling protein 2 (Ucp2) in the ovaries of 120-day-old hypothyroid and euthyroid rats. These antioxidant genes were selected based on reported ovarian antioxidant gene expression [27] . Peroxisome proliferator-activated receptor gamma coactivator 1 alpha (Ppargc1a), an important regulator of mitochondrial biogenesis, was taken along as a marker for mitochondrial biogenesis. The mRNA content of the cytosolic antioxidant enzyme Sod1 was significantly higher in the hypothyroid group (Fig. 6A and Supplemental Fig. S2 ). In contrast, the mRNA content of the cytosolic antioxidant genes Cat and Txnrd1 as well as the mitochondrial antioxidant enzyme Prdx3 was significantly lower in the hypothyroid group, as was the content of the mitochondrial protein Ucp2 (Fig. 6A and Supplemental Fig. S2 ). Messenger RNA content of the cytosolic antioxidant enzymes Gpx3 and Gstm2 showed a downward trend in the hypothyroid group compared to the control group.
In line with the gene expression of Sod1 and Cat, the protein amount of SOD1 was significantly higher while CAT amount was significantly lower in the ovaries of hypothyroid rats. (Fig.  6, B-E) . No difference was detected in mRNA and protein amount of mitochondrial SOD2 between hypothyroid and control rats (Fig. 6A and Supplemental Fig. S3, A and B) . Mitochondrial biogenesis was not influenced by the hypothyroid condition because Ppargc1a mRNA expression was unaffected and the protein amount of COX IV, a marker of mitochondrial density [42] , was comparable between hypothyroid and control rats (Supplemental Fig. S3, A and C) .
In order to investigate whether alterations in ovarian antioxidant gene and protein expression under chronic hypothyroid conditions were related to oxidative stress, the presence of 4-HNE, an a,b-unsaturated hydroxyalkenal produced by lipid peroxidation in cells during oxidative stress [43] , was investigated. Immunohistochemical staining for 4-HNE in ovaries of 120-day-old euthyroid control animals was weak to absent (Fig. 6, F and H) . In contrast, moderate to strong staining was observed in the hypothyroid ovaries in theca cells of atretic follicles, stroma cells, and CL, indicative of the presence of oxidative stress (Fig. 6, G and I) .
DISCUSSION
The results of the present study show that continuous hypothyroidism, initiated in utero, results in lower preantral and antral follicle numbers in adulthood and a concomitant higher percentage of atretic follicles when compared to euthyroid age-matched control animals. Beside increased follicular atresia, the reduced follicle numbers may also be explained by a slower growth of the follicles. Consequently, the number of ovulating follicles per estrous cycle is lower in the hypothyroid females. At the age of 120 days pp, the ovarian mRNA and protein content of SOD1, a cytosolic producer of reactive H 2 O 2 , is elevated under hypothyroid conditions, while the expression of the antioxidant genes Cat, Txnrd1, and Prdx3, all involved in the conversion of H 2 O 2 to water (ROS inactivation), is lowered when compared to the expression in euthyroid controls. Concomitantly, lipid peroxidation, a marker of oxidative stress, seems to be enhanced in the hypothyroid ovaries. These results together suggest that chronic hypothyroidism is associated with a disturbance in redox balance in the ovary leading to oxidative damage and an increased level of follicular atresia. This may negatively impact ovulation rate and female fertility, although time-resolved analysis is required to conclusively establish cause and consequence. Surprisingly, the continuous hypothyroid rats entered puberty at the same age as the euthyroid control animals, despite their reduced body weight. This may be explained by the normal to elevated body fat mass and plasma leptin concentrations of the hypothyroid rats. Leptin acts as a permissive factor for puberty onset in rodents and humans [41, 44, 45] . Mice deficient in leptin (ob/ob mice) do not enter puberty unless supplied with leptin [46, 47] . The normal start of puberty in the hypothyroid rats in the present study is in contrast to a previous report by Dijkstra et al. [17] who showed that chronic neonatal hypothyroid female rats failed to enter puberty. In line with Dijkstra et al., Tamura and colleagues [48] suggested that the absence of the first preovulatory LH surge in hypothyroid rats accounted for the failure of entering puberty. An explanation for these contradictory observations might be found in the different ways of inducing hypothyroidism. Dijkstra et al. [17] used PTU, which reduces TH synthesis by influencing thyroperoxidase, an enzyme critical in the synthesis of TH. Furthermore, PTU influences deiodinase type 1, the enzyme responsible for deiodination of both the phenolic and tyrosyl ring of TH metabolites [49] . Sodium perchlorate, however, influences the uptake of iodide by the thyrocytes through interaction with the sodium iodide symporter [50] . For the study by Tamura et al. [48] , rats were thyroidectomized, resulting in a more severe hypothyroid condition compared to the present dietary intervention.
The chronic hypothyroid condition has no influence on the establishment of the primordial follicle pool in the fetal/ neonatal period, but does influence the growth of recruited follicles. At the ages of 64 and 120 days pp, despite normal plasma FSH concentrations the number of preantral and antral follicles is significantly reduced in the hypothyroid rat ovaries when compared to the respective euthyroid control group. At the same time, the percentage of atretic follicles is significantly higher. These data suggest that T 3 may facilitate the effects of FSH on follicular development. Support for this hypothesis comes from in vitro studies that show that T 3 alone does not -12) and hypothyroid (filled squares, n ¼ 11) rats as measured by qRT-PCR. Gene expression is calculated as fold change of hypothyroid rats over euthyroid control rats. Gene expression in euthyroid controls was set to 1 for up-regulated genes and À1 for down-regulated genes. Antioxidant genes: Cat, catalase; Glrx1, glutaredoxin 1; Gpx1, glutathione peroxidase 1; Gpx3, glutathione peroxidase 3 (P ¼ 0.08); Gstm1, glutathione S-transferase mu 1; Gstm2, glutathione S-transferase mu 2 (P ¼ 0.07); Prdx3, peroxiredoxin 3; Sod1, superoxide dismutase 1; Sod2, superoxide dismutase 2; Sod3, superoxide dismutase 3; Txn2, thioredoxin 2; Txnrd1, thioredoxin MENG ET AL. affect follicle growth, but when applied in combination with FSH can amplify the effects of FSH on preantral follicle growth through up-regulation of FSH receptors [12] . T 3 has further been shown to potentiate granulosa cell survival by inhibiting apoptosis and promoting cell proliferation when added together with FSH [13] .
The reduction in the number of antral follicles and CL is more striking than the increase in the percentage of atretic follicles. This apparent discrepancy can be explained by the fact that at 64 and 120 days pp total ovarian follicle numbers were calculated based on counting every fifth ovarian section, while follicular atresia is expressed as percentage based on the counting of three sections at a quarter, half, and three-quarters of the ovary, to exclude double counting of the same atretic structure. The late stages of atresia are especially difficult to follow in successive ovarian sections. Total ovarian follicle and CL numbers can therefore not be related directly to the percentage of atretic follicles.
Several studies have reported that THs, beside playing an essential role in energy metabolism, can affect reactive oxygen metabolism by influencing antioxidant enzyme expression [51] . In the present study, SOD1 mRNA and protein concentrations are significantly higher in the hypothyroid rats, indicative of increased amounts of H 2 O 2 formed in the cytoplasm. In contrast CAT mRNA and protein concentrations are significantly lower in the hypothyroid group. CAT can convert H 2 O 2 into water in the cytoplasm of cells and in this manner plays an important role in the prevention of follicular apoptosis [23, 52] . In line with this, Das and Chainy [53] observed that TH deficiency induces the formation of increasing amounts of H 2 O 2 in hepatocytes due to SOD overactivity and a concomitant decrease in CAT activity. Further support for the assumed increase in H 2 O 2 comes from the observation that Txnrd1 mRNA content is significantly lower in the hypothyroid group, while Gpx3 mRNA content shows a clear downward trend. GPX3, like CAT, is involved in the neutralization of H 2 O 2 , reducing the effects of free radicals on cell function [54] , while TXNRD1 maintains cytoplasmic TXN1 in a reduced state [55] . Finally, PRDX3 is a major regulator of mitochondrial H 2 O 2 concentration and apoptosis [28] . Significant reduction in the mRNA content of this mitochondrion-specific H 2 O 2 -scavenging enzyme in the hypothyroid ovaries offers further support to the assumed increase in H 2 O 2 production. To exclude the possibility that decreased expression of Prdx3 in hypothyroid ovaries was caused by a change in mitochondrial numbers, Ppargc1a and COXIV, markers for mitochondrial biogenesis and density, respectively, were studied. The absence of a significant difference in mRNA expression of Ppargc1a and protein content of COX IV indicates that mitochondrial numbers in the ovarian cells are not affected by hypothyroidism.
As indicated above, the changes in the expression of the antioxidant enzymes and proteins all point to an increased H 2 O 2 production and a decreased degradation, suggestive of increased oxidative damage in ovarian cells. In vitro studies have shown that oxidative stress caused by exogenous H 2 O 2 could induce apoptosis in granulosa cells [56] . Although we could not assess the cellular H 2 O 2 content in vivo directly, the suggestion of increased oxidative stress is supported by immunohistochemical staining for 4-HNE. 4-HNE is a marker of oxidative stress, being a product of lipid hydrogen peroxide decomposition [43] . 4-HNE can affect membrane fluidity and activity of membrane-bound enzymes and cellular signaling pathways [43] . 4-HNE has also been shown to modify mitochondrial proteins, resulting in mitochondrial dysfunction [57] . Moderate to strong 4-HNE staining is observed in the ovaries of chronic hypothyroid rats compared to the euthyroid controls, suggesting that chronic hypothyroidism leads to increased lipid peroxidation in the rat ovary. This assumption is supported by the observation that the mRNA content of Gstm2, which plays a role in the protection against lipid peroxidation, tends to decrease. These results are further consistent with studies in spleen and brain where hypothyroidism also induces increased lipid peroxidation [58, 59] .
Under normal euthyroid conditions, there are no indications that follicular atresia leads to increased lipid peroxidation because studies in the bovine have shown that there is no difference in lipid peroxidation between healthy antral follicles and atretic antral follicles; thus, lipid peroxidation does not play a role in follicular atresia under normal control conditions [60] . In support of these observations, a more recent study in rats has shown that under normal euthyroid conditions the rate of lipid peroxidation in the ovary is low [61] . Thus, although lipid peroxidation does occur in the euthyroid ovary, levels are low and do not increase in the case of follicular atresia. This low level of lipid preroxidation under normal euthyroid conditions is therefore presumably responsible for the faint to absent 4-HNE staining in the euthyroid control ovaries in the present study.
While the main function of UCP2 is traditionally attributed to energy dissipation and body weight regulation, UCP2, as a nonenzymatic antioxidant, has subsequently been shown to have an important role in the regulation of ROS production [62, 63] . Disruption of UCP2 expression can lead to increased ROS production. The reduced mRNA expression of Ucp2 in the hypothyroid ovaries further strengthens therefore the hypothesis that the reduced follicle numbers and increased percentage of atresia are associated with increased oxidative damage.
In conclusion, the results show that continuous hypothyroidism initiated in the fetal/neonatal period results in lower growing follicle numbers in adulthood and a concomitant higher percentage of atretic follicles and reduced ovulation rate when compared to euthyroid age-matched control rats. Furthermore, continuous hypothyroidism disturbs antioxidant gene expression, which is associated with oxidative damage at the age of 120 days pp, offering a possible explanation for effects observed in the ovary of chronic hypothyroid rats.
